Introduction
For the past decade, there has been considerable interest in layered oxides exhibiting ferroelectric, piezoelectric and other related properties due to their wide ranging application in technical devices (Park et al 1999 2+ layers are interleaved with n perovskite-type layers having the composition (Subbarao 1962) [A n-1 B n O 3n+1 ]. ABi 4 Ti 4 O 15 (A = Ba, Sr and Pb) are members of the n = 4 series of this Aurivillius family. It can be inferred from Raman studies that these compounds exhibit a ferroelectric-paraelectric phase transition at elevated temperature (Kojima et al 1995) .
Extensive crystal structure analyses have been carried out for the n = 2 layered Aurivillius oxides by powder Xray and neutron diffraction techniques (Ismunandar and Kennedy 1996, 1999) . The results of these studies have identified disorder in the A-type cation over the perovskite and the Bi 2 O 2 layers. From the data available previously (Kojima et al 1995) for n = 4, assumptions have been made concerning the evolution of these phases from ferroelectric to paraelectric regimes. More over all these compounds are expected to crystallize in the tetragonal system, space group (I4/mmm) which is the idealized parent structure for all the Aurivillius family of compounds (Subbarao 1962) above T c . Aurivillius (1950) has reported a model for BaBi 4 Ti 4 O 15 at room temperature, which has a tetragonal symmetry (I4/mmm space group). In case of the A = Sr, Pb structures, an orthorhombic symmetry with the space group A2 1 am was reported earlier (JCPDS-Card Nos: 43-0972 and 43-0973 1997) . Recently, a detailed neutron diffraction study (Hervoches et al 2002) was also reported for SrBi 4 Ti 4 O 15 . In the following sections, we report the room temperature structural features of all three compounds determined using high-resolution powder X-ray diffraction data. The starting model for A = Ba compound was derived from the earlier report and refined via the Rietveld (1969) method. The starting models for A = Sr, Pb analogues were derived from ab initio (Altomare et al 1994 (Altomare et al , 1995 methods and the model refined to completion by the Rietveld (1969) method. X-ray diffraction data for all the three compounds at elevated temperature (above T c ) have been collected and an evaluation of their structures is also presented.
Experimental
ABi 4 Ti 4 O 15 (A = Ba, Sr or Pb) were synthesized by the solid-state reaction of ACO 3 (A = Ba, Sr or Pb), Bi 2 O 3 and TiO 2 at 1223 K for 15 h, then at 1323 K for 15 h with intermittent grinding after each heating step. Quantitative elemental analyses on all samples were carried out on a JEOL JSM-840 EDAX machine in order to confirm the exact composition of the metal ions. The ratio of the metal ions thus calculated (table 1) from the EDAX measurements correspond to that of the ions taken initially for syntheses. Preliminary X-ray diffraction data *Author for correspondence revealed that the compounds were formed without any impurity phases.
High-resolution room temperature X-ray diffraction data on all the three compounds were collected on a STOE/STADI-P X-ray powder diffractometer with Germanium monochromated CuKα 1 (λ = 1⋅54056 Å) radiation in the transmission mode. The samples were rotated during data collection to reduce orientation effects, if any and the data were recorded using a linear PSD. The X-ray data were measured in the range 2θ = 3 to 89⋅80° at steps of 0⋅02° with exposure time of 6 s per step.
The powder diffraction data at elevated temperatures were collected in the Debye-Scherrer mode. The compounds were filled in a quartz capillary of 0⋅3 mm diameter and rotated during the data collection with a uniform speed in the furnace. The reported T c for the compounds for A = Ba, Sr and Pb are 703 K, 803 K and 843 K, respectively (Takashige et al 1995) . The temperature of the furnace was maintained at 723 ± 5 K, 873 ± 7 K and 873 ± 5 K during the data collection for A = Ba, Sr and Pb, respectively which ensures the temperatures to be above T c . The data were recorded using a curved PSD in three overlapping ranges with the overall 2θ = 3° to 80° in steps of 0⋅03° with 30 min exposure time per range.
Structure determination and refinement

Room temperature data
The trial and error indexing program TREOR (Werner 1964 ) was used to determine the unit cell parameters. The indexing for all the lines for BaBi 4 Ti 4 O 15 were checked and confirmed with the JCPDS card no 35-0757. The atomic coordinates were taken from the initial report by Aurivillius and the structure was refined to completion. The GSAS package (Larson and von Dreele 1987) was employed for the Rietveld refinements in this case.
The compounds, SrBi 4 Ti 4 O 15 and PbBi 4 Ti 4 O 15 , belong to the orthorhombic system and the derived cell parameters match with those in JCPDS card numbers 43-0973 and 43-0972. The full pattern fitting and peak decomposition in the space group A2 1 am were carried out using the program EXTRA (Altomare et al 1994) resulting in 124 independent reflections, respectively. The pattern fitting was also performed with other possible space groups like Pna2 1 and Fmm2 to ensure the correctness in the assignment of the space group. SIRPOW92 (Altomare et al 1994) was then used to locate the positional parameters of strontium/lead, bismuth and titanium atoms, which formed the starting model for preliminary Rietveld refinement using the GSAS program. Subsequent difference-Fourier maps revealed the positions of the remaining (oxygen) atoms, which were incorporated in further refinements.
The profiles were fitted using a pseudo-Voigt function. The Chebyshev polynomial consisting of 3-7 coefficients was used to define the background. In all three compounds, it was assumed initially that the cations are fully ordered with the Sr, Ba or Pb atoms occupying the A sites only (50 : 50). The heavy atoms were then refined with the occupancy and the thermal parameters fixed. The positional parameters of the oxygen atoms were also refined.
Further, the thermal parameters of the heavy atoms were refined alternately with the occupancies. 2+ layer, the neutron diffraction report indicates that the Sr atoms are restrained to A sites only (Hervoches et al 2002) . However, it must be pointed out that the scattering power of Bi and Sr atoms are widely different in X-ray diffraction 
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U iso is the isotropic thermal parameter. 5) were determined and refined using the program Appleman (Sonneveld and Visser 1975) from the suite of programs, Proszki (Sonneveld and Visser 1975) . It is observed that this high temperature phase transforms to the prototype tetragonal system (I4/mmm).
Results and discussion
Room temperature data
The crystal structure of ABi 4 Ti 4 O 15 (A = Ba, Sr or Pb) is as shown in figure 7 . The titanium occupies the MO 6 position in the perovskite layer. However, the continuous O-Ti-O chains expected in a simple perovskite is disrupted at every n = 4 along the c axis by [Bi 2 O 2 ] 2+ layers. The Ti-O distances range from 1⋅401(4) to 2⋅657(1) Å with alternate bonds being long and short to result in a zigzag arrangement of TiO 6 octahedra (Frit and Mercurio 1992) (table 4 ). The range of the Ti-O distances calculated appear to be rather large than those reported in the literature for similar systems. However, more accurate bond lengths have been obtained via neutron diffraction studies for SrBi 4 Ti 4 O 15 (Hervoches et al 2002) . The differences in ionic radii of Ba, Sr and Pb ions also appear to influence the tilt and distortion of the TiO 6 octahedra. The Bi-O distances range from 2⋅25(1) Å to 3⋅31(3) Å.
The coordinated to 12 oxygen atoms and Bi(3) is coordinated to 8 oxygens. The structure of BaBi 4 Ti 4 O 15 is refined using the Rietveld method in the space group I4/mmm. However, it is noteworthy that earlier reports Satyalakshmi et al 1999) on thin films of this material demonstrate that it is ferroelectric when grown in specified directions. This suggests the possibility of non-centrosymmetric arrangements in specific domains in certain crystallographic directions.
The Ferroelectric studies on these ceramics revealed that domain reorientation occur almost exclusively on the abplane of the orthorhombic cell (Thomazini and Eiras 1999) . This is consistent with observed shift of Bi atoms along a and b directions.
The occupancy refinements suggest that only in case of PbBi 4 Ti 4 O 15 the Pb cations get localized in the Bi 2 O 2 layers. However, it is hard to ascertain this feature since the scattering factors for X-rays for Bi and Pb are nearly the same. On the other hand, it is clear that in the other two compounds the Ba/Sr cations are distributed in both Bi 2 O 2 and the perovskite layers. Table 5 provides a list of valence bond sums (Brown and Alternatt 1985) (VBS) in all these three structures, which indicate a measure of the extent of disorder in these phases. It also compares the tendency of the three oxides to incorporate A type cations in the [Bi 2 O 2 ] layer and the perovskite layers.
High temperature data
The high temperature structure of Further, attempts to refine the observed diffraction pattern were not made due to the lack of quality data at such high temperatures. However, the report (Hervoches et al 2002) on the high temperature neutron diffraction on SrBi 4 Ti 4 O 15 verifies this model unequivocally.
Conclusions
In summary, it may be stated that the room temperature crystal structures of three n = 4 Aurivillius type of oxides have been refined from high resolution X-ray diffraction data. The pattern decomposition and peak extraction methods have been used for the first time to derive starting models for SrBi 4 
